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ABSTRACT 

Beginning wi th  Apollo 15 ,  i n  t h e  even t  of a c r e w  take- 
over  du r ing  t r a n s l u n a r  i n j e c t i o n  t h e  c r e w  w i l l  manually provide 
a t t i t u d e  c o n t r o l  and t h e  s p a c e c r a f t  computer w i l l  de t e rmine  en-  
g i n e  cu to f f  t i m e  based on a predetermined v e l o c i t y  magnitude. 
A B e l l c o m m  s imula t ion  of t h e  c u t o f f  a lgor i thm c u r r e n t l y  employed 
by MSC has demonstrated t h a t  f o r  a nominal a t t i t u d e  p r o f i l e  t h e  
c u t o f f  t i m e  p r e d i c t i o n  r e s u l t s  i n  a v e l o c i t y  magnitude e r r o r  of 
about  1 f p s .  A t t i t u d e  p r o f i l e  d e v i a t i o n s  w i l l  produce a cu to f f  
a l t i t u d e  e r r o r  which r e s u l t s  i n  a v e l o c i t y  magnitude error f o r  
a r e q u i r e d  t r a n s l u n a r  energy. A v e l o c i t y  error of about 5 f p s  
is  produced f o r  each n a u t i c a l  m i l e  of a l t i t u d e  e r r o r .  
l i m i t e d ,  p re l iminary  crew s imula t ions  , t he  expected e r r o r  i n  
a l t i t u d e  w i l l  produce a v e l o c i t y  magnitude error on t h e  o r d e r  of 

Based on 

15-20 f p s .  

A p o s s i b l e  a l t e r n a t i v e  c u t o f f  c a l c u l a t i o n  which is  
a l t i t u d e  dependent has been i n v e s t i g a t e d .  
reduces t h e  e r r o r  t o  about .5 f p s  f o r  each n a u t i c a l  m i l e  of 
a l t i t u d e  error .  
tude  error t o  1 .5  - 2 f p s .  

This improved formula 

This would reduce t h e  expected v e l o c i t y  magni- 
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A r e l a t i v e l y  simple a lgo r i thm f o r  t h e  c a l c u l a t i o n  of  
t h e  S- IVB cu to f f  t i m e  i n  t h e  e v e n t  of a manually guided t r a n s -  
l u n a r  i n j e c t i o n  i s  be ing  implemented i n  t h e  s p a c e c r a f t  computer 
beginning wi th  Apollo 15 .  The cu to f f  a lgor i thm was tes ted a t  
B e l l c o m m  t o  determine t h e  expected cu to f f  t i m e  errors r e s u l t i n g  
from t h i s  c a l c u l a t i o n .  Prel iminary s imula t ions  of  nominal T L I  
r e c e n t l y  performed a t  MSC have produced c u t o f f  e r r o r s  on t h e  o r d e r  
of 20 f p s  i n  t h e  v e l o c i t y  magnitude. 

The c u r r e n t  p r e d i c t i o n  of  c u t o f f  t i m e  f o r  ach iev ing  
a s p e c i f i e d  v e l o c i t y  magnitude i s  simply: 

- 
T =  'Required 'now 

go a 

where a c c e l e r a t i o n ,  a, i s  approximated by 

i s  t h e  requi red  v e l o c i t y  magnitude a t  c u t o f f ,  and 'Required 
compute d by 

= [2E + eJ 1/2 
'Required (3 )  

where E i s  t h e  d e s i r e d  energy,  i s  t h e  nominal cu t -  
o f f  r a d i u s  and p t h e  g r a v i t a t i o n a l  c o n s t a n t  of t h e  e a r t h .  



t 
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When T reaches f o u r  seconds t h e  c u t o f f  sequence i s  i n i t i a t e d .  
Therefore ,  t h e  accuracy of t h e  c a l c u l a t i o n  a t  fou r  seconds t o  
go t o  c u t o f f  i s  t h e  primary concern. 

go 

I n  the  c u r r e n t  implementation VRequired i s  c a l c u l a t e d  
pre-burn based on t h e  achieved e a r t h  o r b i t  and a pre-burn simula- 
t i o n  of T L I .  This c a l c u l a t i o n  w i l l  produce a VRequired t h a t  i s  
i n  error when t h e  a l t i t u d e  a t  c u t o f f  i s  d i f f e r e n t  from t h e  pre-  
burn s imula t ion .  The s e n s i t i v i t y  i s  about  5 f p s  error i n  t h e  
a c t u a l  c u t o f f  v e l o c i t y  ( V  ) p e r  n a u t i c a l  m i l e  error i n  a l t i t u d e .  

i f  t h e  t r u e  VRequired i s  known, t h e r e  i s  an error i n  p r e d i c t i n g  
t h e  e x a c t  cu to f f  t i m e  due t o  changing a c c e l e r a t i o n  du r ing  t h e  
2-second computation cyc le .  Second, t h e r e  i s  an error  i n  t h e  
c a l c u l a t i o n  of VRequired due t o  a cu to f f  a l t i t u d e  error. For 

t h e  c u r r e n t  implementation, i f  no a l t i t u d e  e r r o r  i s  in t roduced ,  
only errors o f  t h e  f i r s t  type are in t roduced .  I t  w i l l  be shown 
t h a t  t h i s  i s  n e g l i g i b l e .  The second e r r o r  type ,  namely a l t i t u d e  
error,  does produce s i g n i f i c a n t  errors i n  t h e  c a l c u l a t i o n  of t h e  

'Required. 

co 
Two types of errors should be d i s t i n g u i s h e d .  F i r s t ,  

To improve t h e  accuracy of VRequired i n  t h e  presence  
of a l t i t u d e  e r r o r s ,  t h e  c a l c u l a t i o n  could be performed i n  t h e  
s p a c e c r a f t  computer us ing  the  c u r r e n t  va lue  of R.  The a lgor i thm 
p resen ted  h e r e  does t h i s  and, f u r t h e r ,  i nc ludes  a c o r r e c t i o n  for  

t h e  a l t i t u d e  r a t e .  The q u a n t i t y  Rnow + Tgo Hnow r e p l a c e s  Rco i n  
i s  Equation 3 where Rnow i s  t h e  c u r r e n t  r ad ia l  d i s t a n c e ,  and finow 

t h e  a l t i t u d e  rate.  The a lgori thm then becomes 

- 
'Required a t  Rnow 'now 

T =  go a + C  

Hnow 

'Required a t  Rnow 

( 4 )  

a 

( 5 )  
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= (2. +e) 1 / 2  
'Required a t  Rnow 

This  formula t ion  behaves exac t ly  as t h e  c u r r e n t  a lgor i thm as 
f a r  a s  errors of  t h e  f i r s t  type are concerned. D e t a i l s  of t h e  
d e r i v a t i o n  of t h e s e  equat ions  are given i n  t h e  Appendix. 

Resu l t s  

A nominal t r a j e c t o r y  w a s  s imula ted ,  and T w a s  c a l -  
9-0 

c u l a t e d  every two seconds using both  t h e  c u r r e n t  and t h e  improved 
a lgor i thms.  The S-IVB p i t c h  rate w a s  then v a r i e d  t o  produce two 
d i s p e r s e d  t r a j e c t o r i e s  having a l t i t u d e  e r r o r s  of +3  nm a t  TLI 
c u t o f f .  The e r r o r  i n  cu to f f  t i m e  was computed by s u b t r a c t i n g  
t h e  a c t u a l  t i m e  t o  cu to f f  from t h e  p r e d i c t e d  t i m e ,  T The 
c u t o f f  v e l o c i t y  magnitude e r r o r  t h a t  would r e s u l t  was c o m -  
puted by mul t ip ly ing  t h e  e r r o r  i n  T by t h e  t a n g e n t i a l  acce l -  
e r a t i o n ,  which equaled about 40  f t / s e c  . The r e s u l t s  are p l o t t e d  
i n  F igures  1 and 2 f o r  t h e  nominal and t h e  d i spe r sed  t r a j e c t o r i e s  
r e s p e c t i v e l y .  

go 

go 2 

A s  shown i n  Figure 1 t h e  error f o r  t he  nominal  trajec- 
t o r y  a t  4 seconds be fo re  cu to f f  is  about  .025 seconds o r  about  
1 f p s .  A t  8 seconds before  cu to f f  t h e  error rises t o  about  
.1 second o r  4 f p s .  The c u r r e n t  a lgor i thm i s  s l i g h t l y  b e t t e r  than  
t h e  improved one f o r  t h e  nominal t r a j e c t o r y .  This i s  understand- 
a b l e  s i n c e  t h e  c u r r e n t  a lgori thm uses  t h e  e x a c t  va lue  f o r  Rco i n  
Equation 3,  whereas i n  t h e  improved a lgor i thm t h i s  i s  approximated 

by Rnow + finow go' 
changing a c c e l e r a t i o n ,  and i s  e s s e n t i a l l y  t h e  same f o r  bo th  
formula t ions .  

T This i s  an error of t h e  f i r s t  t ype ,  due t o  

A s  shown i n  Figure 2 t h e  e r r o r  f o r  t h e  d i s p e r s e d  t ra-  
jectories a t  4 seconds before  c u t o f f  us ing  t h e  c u r r e n t  a lgor i thm 
e q u a l s  . 4 2  seconds o r  16 f p s  and -.36 seconds o r  - 1 4  f p s  f o r  t h e  
h igh  a l t i t u d e  and l o w  a l t i t u d e  trajectories r e s p e c t i v e l y .  The 
e r r o r  u s ing  t h e  improved a lgor i thm i s  reduced t o  .03 seconds o r  
1 . 2  f p s .  

Conclusions 

The p r e s e n t  a lgori thm f o r  p r e d i c t i n g  t h e  c u t o f f  t i m e  
g i v e s  good r e s u l t s  when t h e  c u t o f f  a l t i t u d e  equals  t h e  nominal 
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a l t i t u d e .  When a l t i t u d e  e r r o r s  are p r e s e n t ,  t h e  c u t o f f  v e l o c i t y  
magnitude w i l l  be i n  e r r o r  by about  5 f p s  f o r  each n a u t i c a l  m i l e  
of a l t i t u d e  error. An improved formula has  been developed which 
t akes  a l t i t u d e  e r r o r s  i n t o  account. The error us ing  t h e  improved 
formula can be reduced by about a f a c t o r  of 1 0 .  

D. R.  Anselmo 

2013-LpG-~l r  DRA L-. P .  Gieseler 
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APPENDIX 

D e r i v a t i o n  of E q u a t i o n s  4 and 5 

From E q u a t i o n  3 ,  

2tJ 
' R e q u i r e d  

1 / 2  ' [ ( ' R e q u i r e d  a t  Rnow 

- - % - ' Tgo H n o w  

' R e q u i r e d  a t  Rnow J  now] ' R e q u i r e d  a t  Rnow 

From E q u a t i o n  1, 



. 
A- 2 

40 ' Solv ing  fo r  T 

T 
go 

where C 

- 
'Required at Rnow 'now 

- - 
a + C  

. 
u Hnow 

'Required at Rnow ) ( %ow)2 

( 4 )  

( 5 )  
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